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EXTRA VIEW
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he p53 tumor suppressor is a multi-

faceted polypeptide that impedes
tumorigenesis by regulating a diverse
array of cellular processes. Triggered by a
wide variety of stress stimuli, p53 tran-
scriptionally regulates genes involved in
the canonical tumor suppression path-
ways of apoptosis, cell-cycle arrest, and
senescence. We recently discovered a
novel mechanism whereby p53 inhibits
cystine uptake through repression of the
SLC7A11 gene to mediate ferroptosis.
Importantly, this p53-SLC7A11 axis is
preserved in the p53°*" mutant, and
contributes to its ability to suppress
tumorigenesis in the absence of the classi-
cal tumor suppression mechanisms.
Here, we report that wild type p53 can
induce both apoptosis and ferroptosis
upon reactive oxygen species (ROS)-
induced stress. Furthermore, we demon-
strate that p53’s functional N-terminal
domain is required for its capacity to reg-
ulate oxidative stress responses and fer-
roptosis.  Notably, p53
dynamically modulates intracellular
ROS, causing an initial reduction and a
subsequent increase of ROS levels. Taken
together, these data implicate ferroptosis

activated

as an additional component of the cell
death program induced by wild type p53
in human cancer cells, and reveal a com-
plex and dynamic role of p53 in oxidative
stress responses.

Introduction

Often regarded as the “guardian of the
genome,” p53 is a central node for the reg-
ulation of a variety of cellular processes
apoptosis, and

including cell-cycle,

Cell Cycle

metabolism." Given p53’s unequivocal
role as a tumor suppressor through its
transcriptional modulation of critical
genes, it is unsurprising that this polypep-
tide is mutated in approximately
50 percent of all human cancers.>® p53
primarily exerts its tumor suppressive
function through transcriptional regula-
tion of target genes involved in apoptosis
and cell-cycle arrest. Recent advancements
in the field demonstrate, however, that a
subset of p53 transcriptional activities
involved in the regulation of apoptosis
and growth arrest are dispensable for p53-
mediated tumor suppression.”> More-
over, the separation-of-function p53
mutant, p53°*%, retains its ability to regu-
late metabolic target genes as well as its
capacity to effectively suppress tumorigen-
esis 77 vivo in the absence of apoptosis and
cell-cycle arrest.* These observations sug-
gest that p53 functions in a more uncon-
ventional manner than  previously
thought, raising the possibility that p53’s
metabolic activities serve as additional bar-
riers to tumorigenesis.G‘7

Seeking to understand this non-canon-
ical p53-mediated tumor suppression, we
recently identified SLC7AI1 as a novel
p53 repression target through microarray
screening.® SLC7A11 is the active compo-
nent of the cystine/glutamate antiporter
complex (system x. ), which is formed by
disulfide-linked  heterodimerization  of
SLC3A2 and SLC7A11.° System x.~ con-
tributes to antioxidant defenses by supply-
ing the rate-limiting substrate, cysteine,
for glutathione (GSH) synthesis, and also
by maintaining redox balance across the
plasma membrane.'® More importantly,
system x. , and thus SLC7AL11, is a major
facilitator in the negative regulation of
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P < 0.01, n.s, not significant (Student's t test).

Figure 1. Wild type p53 facilitates ferroptosis through SLC7A11 under ROS-induced stress. (A) p53"T tet-on
stable line cells were pre-treated with doxycycline (0.1 png/mL) for 24 hours before ROS (TBH, 60 M) was
added for 3 hours with or without Ferr-1. (B) Quantification of cell death as shown in (A). (C) p53W'r tet-on
stable line cells were transfected with control plasmid or plasmid overexpressing SLC7A11. Cells were
seeded 24 hours later and after attachment, cells were induced by doxycycline (0.1 wg/mL) for 24 hours
before addition of ROS (TBH, 30 wM) for another 3 hours. (D) Quantification of cell death as shown in (C). *,

death program of p53 during
ROS-induced stress.

A functional N-terminal
domain is required for p53-
mediated repression of SLC7A11

ferroptosis.'" Notably, p53”*" retains its
ability to repress SLC7A11, and sensitizes
cells to ferroptosis in response to ROS-
induced stress,® providing mechanistic
insight as to how p53>** restrains tumori-
genesis in the absence of the classical
tumor suppression mechanisms.

Although the novel mechanism of
p53-mediated  ferroptosis  has
uncovered, the dynamic relationships
between p53, ROS, and ferroptosis
remain to be characterized. Here, we

been

show that p53 dynamically regulates
ROS, and that sustained p53 activation
results in elevated ROS and
increased sensitivity to ferroptotic cell

levels

death. Moreover, we demonstrate that
ferroptosis constitutes part of the cell
death program induced by wild type
p53 and this relies on a functional p53
N-terminal domain, as p53 harboring
mutations in this region fails to repress
SLC7A11 expression and displays resis-
tance to ferroptosis.
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Results

Ferroptosis is a part of the cell death
program induced by wild type p53

Activation of wild type p53 primarily
results in cell-cycle arrest and/or apopto-
sis.'” It is unclear, however, whether addi-
tional cell death mechanisms also
contribute to p53’s ability to eliminate
unsalvageable cells. Our recent finding
that  p53°*®  promotes  ferroptosis®
prompted us to examine whether wild
type p53 also possesses the capacity to
induce ferroptotic cell death. H1299 cells
containing wild type p53 under the con-
trol of a tetracycline-inducible promoter
were treated with doxycycline for
16 hours and subjected to ROS-induced
stress. While no cell death was detected in
cells treated with ROS alone, induction of
p53 combined with ROS treatment
resulted in massive cell death in which
over 90 percent of cells were eliminated.
Interestingly, addition of the ferroptosis
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It is well-established that p53’s
tumor suppression function relies
on its transcription activity. While
mechanisms of p53-mediated transcrip-
tional activation are well known, the man-
ner in which it represses particular
elusive.'?
Specifically, to explore whether N-termi-

downstream targets remains
nal domain is required for down-regula-
tion of SLC7A11, we generated an H1299
cell line stably expressing a tumor-prone
[)53,25’26’53’54 mutant’ under a tetracy-
cline-inducible promoter (Fig. 2A). West-
ern blot analysis indicated that the protein
level of SLC7A11 was markedly decreased
upon induction of p53°*%, however,
induction of p53,25’26’53’54 had no effect
on SLC7A11 expression (Fig. 2B). To
further whether this abrogated
SLC7A11 repression compromises ferrop-
tosis-inducing capability, we induced p53
expression and treated these cells with era-
While the tetracycline-induced
p53* % activation caused massive cell
death upon erastin treatment, induction
of p53,22%°* filed to facilitate ferrop-
tosis under the same conditions (Fig. 2C

test

stin.
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diverse set of downstream effec-
tors.'* For instance, p53 targets
like TIGAR, GLS2 and SESN1
have been shown to reduce intra-
cellular ROS by acting on distinct
15717 while
pro-oxidant functions could be
mediated through the activation
of PIG3 or PIG6."®" Moreover,
the execution of ferroptotic cell

metabolic  pathways,

| mp5325265354

% of cell death
(%))
o

death requires the accumulation

of intracellular ROS and lipid per-
oxidation."" Since p53°** retains
its capacity to modulate several
transcriptional targets involved in

4,8

metabolic ROS regulation,™ we

examined the temporal relation-

Figure 2. (A) Functional N-terminal domain of p53 is required to downregulate SLC7A11 and to promote fer-
roptosis. (A) Schematic diagram showing the locations and sequences of 2 p53 mutants, p5
p53*®. (B) H1299 tet-on p53°F® and p53,2>2%°3* stable line cells were induced by doxycycline (0.1 p.g/mL)
and total cell lysate was analyzed by western blots for the expression of MDM2, SLC7A11, p53 and VINCULIN.
(€) H1299 tet-on p53°® and p53,2°25°3> cells were pre-treated with doxycycline (0.1 wg/mL) for 24 hours
and then treated with erastin (10,M); images were taken 40 hours thereafter. (D) Quantification of cell death
as shown in (C). *, P <0.01 (Student’s t test).

25,26,53,54
3,5 6,53,5 and

ship between p53”*" activation
and intracellular ROS levels. As
shown in Figure 3A, activation of p53°*®
caused an initial reduction in ROS lasting
up to 8 hours. Intriguingly, this attenua-
tion was reversed, and an increase in ROS
level was observed when p53 stabilization
persisted. contrast, induction of
the transcriptionally-defective  mutant
p53,22209334 " \which lost the ability to
promote ferroptosis, had no significant
effect on ROS levels (Figs. 2C and 3A).
The ability of p53**® to temporally alter
ROS levels probably reflects its retained
capacity to regulate ROS-modulating
metabolic targets, including TIGAR,
GLS2, and SLC7A11.%® These data reveal
an intricate balance between p53’s anti-
and pro-ROS functions, suggesting a
complex and dynamic regulation of p53-
mediated ROS responses.

In

Discussion

Cell-cycle arrest and apoptosis serve as
important barriers against tumorigenesis.

www.tandfonline.com

Several lines of evidence indicate, how-
ever, that these p53 functions are dispens-
able for preventing tumor development in

>

vivo.*> Our recent findings suggest that
an additional route of tumor suppression
exists whereby p53 inhibits cystine uptake
leading to an attenuation of ROS detoxifi-
cation and subsequent ferroptosis.8 Here
we demonstrate that this critical response
relies on p53’s N-terminal domain func-
tion and its capacity to dynamically mod-
ulate ROS levels.

p53’s divergent function in ROS regu-
lation stems from its ability to activate or
repress target genes with both anti- and
pro-oxidant behaviors."* The various out-
comes of this conflicting modulation are
likely context specific, but a complete
understanding of this paradox is lacking.
The dynamic ROS regulation described in
the current study (Fig. 3A) suggests a
model whereby p53 mediates an antioxi-
dant response under short term stress,
allowing the cell to recover; however if

this persists, prolonged p53

stress
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activation initiates a pro-oxidant response
to induce cell death. The rise of ROS at
later stage of p53 activation occurs in part
from the repression of SLC7AlL,
although other p53 target genes could also
be critical in this cell fate decision with
sustained p53 stabilization.

Wild type p53 activation alone appears
to primarily induce apoptosis, but our
data demonstrate that p53 activation in
the presence of ROS-induced stress results
in a mixture of cell death that is composed
of both apoptosis and ferroptosis
(Figs. 1A and 1B). This suggests an alter-
native cell death pathway induced by p53
under ROS stress. The precise mecha-
nisms responsible for mediating p53’s cell
fate decisions are still unclear. With the
discovery of p53-mediated ferroptosis, it
will be important to decipher how and
under what contexts p53 directs the cell
toward apoptosis versus ferroptosis. More-
over, it remains to be further investigated
in wvivo how ferroptosis contributes to
tumor suppression and how its function
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Figure 3. p53 dynamically regulates intracellular ROS. (A) p53**® and p53,2>2¢°* tet-on stable line
cells were treated with doxycycline (0.1 pwg/mL) for indicated time and ROS levels were determined.
(B) Comparison of functional activities among p53*", p53>® and p53,2°2%°3°% * P <0.01, n.s, not

and process relate to those of apoptosis.
Potentially, both cell death mechanisms
could work in parallel, sequentially, or
function as a fail-safe for one another. In
any case, how both ferroptosis and apo-
ptosis function together in a physiological
setting is likely tissue- and context-
dependent.

Cancer cells typically exhibit higher
levels of ROS compared to their normal
counterparts, and strategies to further
increase ROS to induce cell death in trans-
formed cells have been proposed.20 To
cope with enhanced ROS levels, however,
cancer  cells  frequently  upregulate
SLC7AL11 thereby strengthening their tol-
erance to oxidative stress.”"** As such,
inhibitors targeting system x. have
proven to be effective in preventing pro-
gression in several types of human can-
cers.”>?® Thus, utilizing these inhibitors
and/or activating p53 to repress SLC7A11
combined with treatments directed at
induction of ROS might prove to be an

effective therapeutic strategy.

Materials and Methods

Cell culture and stable lines

H1299 cells were previously purchased
from ATCC and cultured in DMEM
medium supplemented with 10% FBS,
100 units/mL penicillin and 100 pg/mL
streptomycin in 37°C incubator with 5%
CO2. To generate stable line cells, plas-
mids were transfected into H1299 cells
and selected with puromycin (1 pg/mL)
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in DMEM medium containing 10% tet-
free FBS for 2 weeks.

Plasmids, siRNA and tranfection

Wild type, 3KR (K117R, K161R and
K162R) and 25,26,53,54 (1L25Q, W26S,
F53Q and F54S) mouse p53 cDNA were
sequenced and  cloned Tet-on
pTRIPZ inducible expression vector
(Thermo Open Biosystems). SLC7AI1
was amplified from Human Hela Mara-
thon-Ready c¢DNA (Clonetech) and
cloned into TOPO expression vector
(Invitrogen). Lipofectamine 2000 (Invi-
trogen) was used for plasmid transfection
according to the manufacturer’s protocols.

into

Western blotting and antibodies

Proteins lysate were prepared using
RIPA buffer containing 10 mM Tris-Cl
(pH 8.0), 150 mM NaCl, 1% Triton X-
100, 1% Na-Deoxycholate, ImM EDTA,
0.05% SDS and fresh 1X proteinase
inhibitor. Equal amount of proteins were
loaded and separated in polyacrylamide
gels. Proteins were transferred to Hybond
ECL membrane (GE healthcare) and
incubated overnight with primary ant-
bodies against SLC7A11 (ab37185,
abcam), p53 (CMS5, Leica biosystems),
MDM2 (Ab5, Millipore) and VINCU-
LIN (hVIN-1, Sigma-Aldrich). HRP-con-
jugated secondary antibodies were used
and western signals were detected on auto-
radiographic films.

Cell death count, drugs and inhibitors
All drugs were ordered from Sigma-
Aldrich  except

otherwise indicated.

Cell Cycle

Ferrostatin-1 was from Xcess Biosciences.
Cells were trypsinized and stained with
trypan blue followed by counting with a
hemocytometer using standard protocol.
Cells stained blue were considered as dead
cells. Cell death inhibitors were used at
the following concentrations: Ferr-1,
2 pM.

ROS treatment and measurement

Reactive oxygen species (ROS) was
generated by tert-Butyl hydroperoxide
(TBH). Cells were about 50% confluent
when medium containing TBH was
added. Specific cell death inhibitors were
added at the same time. To measure intra-
cellular ROS levels, cells were incubated
with CM-H2DCFDA (Invitrogen) for
one hour before harvested for FACS
analysis.
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